Objective: To characterize the relationship between tranexamic acid (TXA) use and patient outcomes in a severely injured civilian cohort, and to determine any differential effect between patients who presented with and without shock. Background: TXA has demonstrated survival benefits in trauma patients in an international randomized control trial and the military setting. The uptake of TXA into civilian major hemorrhage protocols (MHPs) has been variable. The evidence gap in mature civilian trauma systems is limiting the widespread use of TXA and its potential benefits on survival. Methods: Prospective cohort study of severely injured adult patients (Injury severity score > 15) admitted to a civilian trauma system during the adoption phase of TXA into the hospital's MHP. Outcomes measured were mortality, multiple organ failure (MOF), venous thromboembolism, infection, stroke, ventilator-free days (VFD), and length of stay. Results: Patients receiving TXA (n = 160, 42%) were more severely injured, shocked, and coagulopathic on arrival. TXA was not independently associated with any change in outcome for either the overall or nonshocked cohorts. In multivariate analysis, TXA was independently associated with a reduction in MOF [odds ratio (OR) = 0.27, confidence interval (CI): 0.10-0.73, P = 0.01] and was protective for adjusted all-cause mortality (OR = 0.16 CI: 0.03-0.86, P = 0.03) in shocked patients. Conclusions: TXA as part of a major hemorrhage protocol within a mature civilian trauma system provides outcome benefits specifically for severely injured shocked patients.
Mortality has been the focus for most studies of TXA utilization in trauma. 2, 3, 8 Survival benefits of early TXA use appear greatest in those patients who are the most injured, shocked, and require massive transfusion. 2, 3, 9 There is an ongoing debate, however, as to whether TXA may be of benefit to all trauma patients, based on a prespecified analysis of the CRASH-2 results. 10 Furthermore, while TXA may improve survival, it may be associated with other, potentially adverse effects given its mechanisms of action. 11 The effects of TXA on nonmortality outcomes such as organ failure and infection have not been described. 12 There is a need to determine which patient groups will receive overall benefit from TXA administration.
The objective of this study was to characterize the relationship between TXA use and patient outcomes in a severely injured civilian cohort. Our principal aim was to assess the effect of TXA on mortality and other clinical outcomes. We also wished to determine any differential effect between patients who presented with and without shock. We conducted a prospective cohort study of severely injured patients presenting to an urban major trauma center from October 2010 to October 2012.
METHODS

Patient Selection
All adult trauma patients (>15 years) admitted to the critical care unit following trauma team activation were recruited. We retrospectively excluded patients found to have an injury severity score (ISS) less than 15. The emergency department (ED) has a "Code Red" major hemorrhage protocol to guide blood product replacement during trauma resuscitation. At the start of the study period, TXA 1 g was administered in the ED within 3 hours of injury, followed by a 1 g infusion at the discretion of the trauma team leader when hemorrhage was detected or suspected. From February 2011, TXA was formally introduced into the major hemorrhage protocol, where patients are given 1 g in the first 3 hours after injury followed by a 1 g infusion over 8 hours. This is administered either by clinicians in prehospital care (PHC) or the ED if the systolic blood pressure (SBP) is less than 90 mm Hg, there is a poor response to an initial fluid bolus and there is suspected active hemorrhage. We did not specifically examine compliance with the protocol. The study was approved by the institution's internal review board, and as data were collected as part of routine care there was no requirement for consent.
Data Collection
Data were collected prospectively on patient demographics, mechanism (blunt or penetrating injury), and baseline physiology. Arterial blood analysis for base deficit (BD) measurement was performed during the trauma team resuscitation on admission as part of normal processes of care. We defined the presence of "Shock" as a BD ≥ 6 mEq/L. 6, 13 Time to operation or interventional radiology from admission was recorded. Crystalloid and blood product use in the first 24 hours after admission, namely packed red blood cells (PRBC), fresh frozen plasma (FFP), platelets, and cryoprecipitate, were recorded. We specifically wished to focus on a severely injured Copyright © 2014 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
cohort; therefore, we included all patients admitted to critical care and retrospectively excluded those whose ISS was calculated to be less than 16 (n = 15). Overall injury severity was classified using the ISS.
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Outcome Measures
Outcomes measured were 48 hours or less (early) and more than 48 hours (late) mortality, organ failure, presence of infection, episodes of venous thromboembolism (VTE), episodes of stroke and myocardial infarction, ventilator-free days (VFDs), critical care length of stay (LOS), and total hospital LOS. The development of organ failure was assessed daily using the Sequential Organ Failure Assessment score. 15 Single organ failure was defined as a Sequential Organ Failure Assessment score of 3 or higher in 1 organ system during a 24-hour period. Multiple organ failure (MOF) was defined as single organ failure in 2 or more organ systems during a 24-hour period. 16 Infection was defined using the Centre for Disease Control and Prevention criteria as a "localized or systematic condition resulting from an adverse reaction to the presence of an infectious agent(s) or its toxin(s) occurring ≥48 hours post admission." 17 The presence of VTE was confirmed by either ultrasound scan (deep vein thrombosis) and/or computed tomographic pulmonary angiography (pulmonary embolism). Patients were followed until hospital discharge, transfer or death. 
RESULTS
In the 2-year period, 456 patients were admitted to critical care after traumatic injury and initially included in the study. Of these, 71 patients had an ISS ≤ 15 and were subsequently excluded, leaving 385 patients in the study. One hundred sixty patients (42%) received TXA as part of the major hemorrhage protocol (Table 1) , within 3 hours after injury in either PHC or ED. Patients who had TXA were older, had significantly higher ISS, and suffered more penetrating trauma than those in the no-TXA group (Table 1) . Patients who received TXA were more shocked on admission to hospital (P < 0.01) and more coagulopathic (P < 0.01). There was a threefold increase in PRBC transfusion for patients in the TXA group and a fivefold increase in FFP use (Table 1 ). Unadjusted mortality rates between the 2 groups were the same ( Table 2) . No significant differences were seen in rates of MOF for those who received TXA compared with those who did not (No TXA: 37% vs TXA: 30% ns). Univariate analysis of all admission variables on all outcomes was performed. Factors achieving a univariate significance of P < 0.2 (Table 3) were entered into a multivariate logistic analysis.
Shocked Patients
One hundred twenty-eight patients were in shock (BD ≥ 6 mEq/L) on arrival to the ED and of these, 84 (65%) patients were given TXA (Table 1) . Those in the TXA group had higher injury severity and were more hypotensive on arrival to hospital (P = 0.01). Rates of blood product transfusion were almost 50% higher for patients who received TXA than those who did not (Table 1 ). Early mortality rates for those who had TXA were lower (Table 2) . Differences were seen in respiratory failure between the 2 groups and rates of MOF were significantly less for those who had TXA (P = 0.02). There was a fourfold increase in thromboembolic events in the TXA group (No TXA: 2% vs TXA: 8%, P < 0.01). Univariate analysis was performed as for the all cohort (Table 3) . TXA was independently associated with a reduction in MOF and mortality in shocked patients (Fig. 1) , and greater numbers of VFD (Table 4) .
Nonshocked Patients
Of the 254 patients who were not shocked on arrival (BD < 6 mEq/L), 76 (30%) were given TXA (Table 1) . Patients in this subcohort who had TXA were more severely injured, and there was a fivefold increase in PRBC use and 4 times greater FFP transfusion administered to the TXA group (Table 1 ). All-cause mortality rates between the 2 groups were similar (Table 2 ). Univariate analysis was performed for the all and shocked cohorts (Table 3) . In multivariate analysis, TXA was not independently associated with any change in mortality and in MOF in the nonshocked cohort (Fig. 1) . 
DISCUSSION
This prospective study has characterized the relationship between TXA use in severely injured civilian patients and subsequent clinical outcomes. TXA use was associated with improved mortality and organ failure outcomes in patients presenting with shock. We could not identify a clear outcome benefit to patients without shock. However, there was no evidence of increased complications associated with the use of TXA in this cohort.
TXA use was associated with decreased early mortality and was protective for adjusted all-cause mortality in shocked patients. Although there were more late deaths in the shocked TXA group, these patients presented with lower SBPs and had greater transfusion requirements, suggesting severe injury. The increase in late crude mortality may be the result of improved early survival in a more severely injured, shocked cohort of patients. Overall, the beneficial effect of TXA on mortality in shocked trauma patients reported previously 2 is also evident early in our civilian trauma population. TXA administration was also associated with reduced rates of organ failure, which is known to be associated with poor outcomes. 18, 19 The significantly lower rates of respiratory failure in shocked patients who received TXA were consistent with the increased number of VFDs. Although the incidence of MOF in our cohort was high, patients were more severely injured than in the previous TXA studies. 2, 3 After TXA administration, there was a reduction in MOF in shocked patients. This was despite the presence of admission coagulopathy and increased rates of blood transfusion, both of which are reportedly associated with the development of MOF. [19] [20] [21] Trauma-related plasmin generation in bleeding patients is known to produce proinflammatory responses, which may be responsible for the development of MOF. 11 The beneficial anti-inflammatory effects of TXA 22, 23 may be responsible for the observed decreases on single and MOF associated with shock and hemorrhage.
Although VTE was more common in patients who received TXA, this again may be due to its administration to a more severely shocked population with longer initial survival rates. There may also have been a delay in instituting thromboprophylaxis in a more severely injured patient group, and we did not collect this information. However, there was no statistically significant relationship in the multivariate analysis, which, if anything, showed a trend to a reduced risk of VTE after TXA. This is consistent with the reduced thrombotic event rates observed in the CRASH2 study. 2, 23 After adjusting for confounding variables, there was no effect of TXA on mortality, and only a nonsignificant trend toward reduction in MOF in the nonshocked cohort. There are suggestions that TXA should be administered to all trauma patients after prespecified analysis of the CRASH2 data 10 where patient numbers were much larger than our cohort. However, on the basis of the findings from the severely injured cohort in this study, it is difficult to recommend its use in nonshocked patients within mature civilian trauma systems. In this study, we used BD as a marker of tissue hypoperfusion. Systemic tissue hypoperfusion is known to drive fibrinolysis in trauma. 24 Although BD is available as a point-of-care test in many institutions, waiting for BD results could potentially delay administration of TXA. However, clinical markers such as blood pressure are known to be poor indicators of the degree of systemic hypoperfusion. 13, 25 In the CRASH 2 subgroup analysis, most pronounced benefits were seen in patients with SBP <75 mm Hg. 2 This threshold would potentially miss a large number of patients with significant hypoperfusion. Further work is needed to identify clinical parameters associated with clinically important fibrinolysis in trauma.
There are a number of limitations to this study. Primarily it was conducted in a single center, albeit a large urban major trauma center. Although the relationship between TXA use and improved outcomes for shocked patients might be causal, we have only been able to show an association. The numbers within our cohort are small, and some nonsignificant outcomes may be different with a larger number of participants. Despite these limitations, the findings give a clear signal for using TXA in severely injured, shocked civilian patients.
